INTRODUCTION
============

Cerebral palsy (CP) is a chronic disorder characterized by physical disability and disruption of brain function, resulting in inadequate control of movement and cognition ([@b7-jer-13-2-136]). In the CP patients, secondary motor impairments, such as abnormal motor patterns and inadequate postures, persist throughout the lifespan and disturb normal development of children ([@b6-jer-13-2-136]).

Various studies using CP animal models have attempted to evaluate the pathophysiology of CP. However, CP animal models do not present the characteristic motor disorders observed in CP patients. In order to present similar motor disorders observed in CP patients, [@b20-jer-13-2-136] designed a rat model for CP based on perinatal anoxia with sensorimotor restriction. Sensorimotor restriction presented decreased movement and abnormal proprioception during early stage of development, resembling abnormal motor patterns observed in CP patients ([@b20-jer-13-2-136]). Sensorimotor restriction with anoxia produced long-lasting deficits, such as reduced body growth rate, increased muscle tone, and disorganization of primary motor and somatosensory cortex ([@b4-jer-13-2-136]; [@b14-jer-13-2-136]). One limitation of these models is that these models did not consider the possibility of maternal infection, one of the important etiologic factors inducing CP. In this study, we made a CP animal model using lipopolysaccharide (LPS) for maternal infection with sensorimotor restriction ([@b19-jer-13-2-136]). LPS is a structural component of most gram-negative bacteria, and LPS induces cytotoxicity in the fetal brain during pregnancy ([@b10-jer-13-2-136]).

Exercise increases expression of neurotrophic factors and enhances neurogenesis ([@b12-jer-13-2-136]; [@b22-jer-13-2-136]; [@b25-jer-13-2-136]). Exercise activates phosphatidylinositol 3-kinase (PI3K)-Akt pathway, which affects cell proliferation and migration during neurogenesis ([@b26-jer-13-2-136]; [@b21-jer-13-2-136]). Akt is a well-characterized serine/threonine kinase and a down-stream target of PI3K that controls metabolism, cell survival, and neurogenesis ([@b24-jer-13-2-136]). PI3K-Akt pathway in the brain modulates synaptic plasticity, neural survival, and cognitive function ([@b9-jer-13-2-136]). Glycogen synthase kinase-3β (GSK-3β) exerts negative effect on hippocampal neurogenesis. GSK-3β is a down-stream target of Akt and activated Akt inhibits GSK-3β by inducing its phosphorylation ([@b24-jer-13-2-136]). Exercise activates Akt and then GSK-3β activity is suppressed ([@b17-jer-13-2-136]).

In present study, we evaluated the effects of treadmill exercise on motor and memory function focusing on neurogenesis and synaptic plasticity in relation with PI3K-Akt pathway using CP rat model.

MARERIALS AND METHODS
=====================

Animals and treatments
----------------------

Female Sprague-Dawley rats (180±10 g, 8 weeks old, n=20) were allowed to mate with male rats (200±10 g, 10 weeks old, n=10) for 24 hr. Then, the female rats were individually housed in plastic home cages under controlled temperature (20°C±2°C) and a light-dark cycle consisting of 12 hr of light and 12 hr of darkness (lights on from 07:00 a.m. to 19:00 p.m.). Food and water were made available *ad libitum*.

The pregnant rats were divided into 2 groups: the control group and the LPS-injection group (n=4 in each group). On the 15th, 17th, and 20th day of pregnancy, the pregnant rats in the LPS-injection group received 1-mL intracervical injection of 0.15-mg/kg LPS (from *Escherichia coli*, serotype 055:B5, Sigma Chemical Co., St. Louis, MO, USA) suspended in pyrogen-free saline (PFS), and the pregnant rats in the control group were treated with PFS.

After birth, the neonatal rats were divided into 5 groups (n=8 in each group): the control group, the CP group, the CP and exercise group, the CP and sensorimotor restriction group, and the CP, sensorimotor restriction, and exercise group. The rats in the sensorimotor restriction groups were restrained for 16 hr once a day from postnatal day 2 to postnatal day 28. The rats' hind limbs bound together with paper tape and placed in an extended position, according to the previous described method ([@b20-jer-13-2-136]).

Treadmill exercise protocol
---------------------------

Five weeks after birth, the rats in the exercise groups were forced to run on treadmill for 30 min once a day, 5 times a week during 4 weeks. The exercise load consisted of running at a speed of 3 m/min for the first 5 min, at a speed of 5 m/min for the next 5 min, and then at a speed of 8 m/min for the last 20 min with 0% grade of inclination.

Rota-rod test
-------------

In order to evaluate the motor function of the rats, the latency of the rota-rod test was conducted, as a previously described method ([@b15-jer-13-2-136]). The animals were placed in a rota-rod with 60-mm diameter rod, 75 mm in length, rotating speed of 25 rpm. Each animal was tested 5 times with the 2-min interval between each trial, and the maximum duration of the test was 3 min. The time spent on the rota-rod of each rat was considered as the latency to fall.

Step-down avoidance task
------------------------

In order to evaluate the memory function of the rats, the latency of the step-down avoidance task was conducted, as the previously described method ([@b18-jer-13-2-136]). The rats were trained in a step-down avoidance task in which they were positioned on a 7×25-cm platform with a height of 2.5 cm, and then allowed to rest on the platform for 1 min. The platform faced a 42×25-cm grid of parallel 0.1 cm-caliber stainless steel bars, which were spaced 1 cm apart. In the training session, the animals received a 0.5-mA scramble foot shock for 2 sec immediately upon stepping of off the platform. Retention time was assessed at 48 hr after training session. The interval of rats stepping down and placing all 4 paws on the grid was defined as the latency of the step-down avoidance task. Any latency over 300 sec was counted as 300 sec.

Tissue preparation
------------------

To begin the sacrificial process, the animals were fully anesthetized using Zoletil 50 (10 mg/kg intraperitoneally; Vibac Laboratories, Carros, France). After a complete lack of response was observed, the rats were transcardially perfused with 50-mM phosphate-buffered saline (PBS) and subsequently fixed with freshly prepared 500-mM phosphate buffer (PB; pH, 7.4) containing 4% paraformaldehyde. The brains of the rats were removed and fixed in the same fixative overnight and then transferred into a 30% sucrose solution for cryoprotection. Serial coronal sections of 20-μm thickness were obtained using a freezing microtome (Leica, Nussloch, Germany).

Immunohistochemistry for 5-bromo-2′-deoxyuridine
------------------------------------------------

For the detection of newly generated cells in the dentate gyrus, immunohistochemistry for 5-bromo-2′-deoxyuridine (BrdU) immunohistochemistry was performed, according to a previously described method ([@b18-jer-13-2-136]). The brain sections were first permeabilized by incubation in 0.5% Trioton X-100 in PBS for 20 min, then pretreated in 50% formamide-2 × standard saline citrate at 65°C for 2 hr, denaturated in 2 N HCl at 37°C for 30 min, and rinsed twice in 100-mM sodium borate (pH, 8.5). Thereafter, the sections were incubated overnight at 4°C with mouse monoclonal anti-BrdU antibody (1:600; Roche, Mannheim, Germany). Then, the sections were washed three times with PBS and incubated for 90 min with the biotionylated mouse secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA). Then, the sections were incubated with avidin-peroxidase complex (1:100; Vector Laboratories). For visualization, the section were incubated in 50-mM Tris-HC1 (pH, 7.6) containing 0.02% 3,3′-diaminobenzidine (DAB), 40-mg/mL nickel chloride and 0.03% hydrogen peroxide for 5 min.

After BrdU-specific staining, counter-staining was performed on the same sections using a mouse monoclonal antineuronal nucleic antibody (1:300; Chemicon International, Temecula, CA, USA). The sections were washed three times with PBS and incubate for 1 hr with a biotinylated anti-mouse secondary antibody. For staining, the sections were incubated in a reaction mixture consisting of 0.02% DAB and 0.03% hydrogen peroxide for 5 min. The sections were finally mounted onto gelatin-coated slides. The slides were air dried overnight at room, and coverslips were mounted with Permount (Thermo Fisher Scientific Inc., Waltham, MA, USA).

The numbers of BrdU-positive cells in the dentate gyrus was counted hemilaterally under a light microscope (Olympus, Tokyo, Japan), and they were expressed as the number of cells per square millimeter in the dentate gyrus. The area of the dentate gyrus was measured with the Image-Pro Plus image analysis system (Media Cyberbetics Inc., Silver Sprng, MD, USA).

Western blotting
----------------

Western blot was performed, according to a previously described method ([@b13-jer-13-2-136]). Protein extracts from hippocampal tissues were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Protein separation was performed using 10% polyacrylamide with 0.05% bis-acrylamide. Proteins were then transferred to nitrocellulose and the blots were probed with anti-PI3K mouse monoclonal antibody (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Akt rabbit polyclonal antibody (1:1,000, Cell Signaling Technology Inc., Beverly, MA, USA), anti-GSK-3β rabbit polyclonal antibody (1:1,000, Santa Cruz Biotechnology), anti-synapsin I mouse monoclonal antibody (1:1,000, Santa Cruz Biotechnology), and anti-postsynaptic density-95 (PSD-95) mouse monoclonal antibody (1:1,000, Santa Cruz Biotechnology). Peroxidase anti-rabbit IgG (1:5,000, Vector Laboratories), and peroxidase anti-mouse IgG (1:10,000, Vector Laboratories) were used as the secondary antibodies. Immunoreactivity was detected by enhanced chemiluminescence (ECL) detection kit (Santa Cruz Biotechnology).

Data analysis
-------------

Differences among the groups were evaluated using IBM SPSS Statistics ver. 23.0 (IBM Co., Armonk, NY, USA) by the one-way analysis of variance followed by Duncan *post hoc* test. All values are expressed as the mean±standard error of the mean. Statistically significant differences were established at *P*\<0.05.

RESULTS
=======

Motor function
--------------

Motor function (balance and coordination) was measured using the rota-rod test ([Fig. 1](#f1-jer-13-2-136){ref-type="fig"}). The latency in the CP rats were shorter than that in the control group (*P*\<0.05). In contrast, treadmill exercise increased the latency in the CP rats (*P*\<0.05).

Memory function
---------------

Short-term memory was measured using the step-down avoidance task ([Fig. 2](#f2-jer-13-2-136){ref-type="fig"}). The latency in the CP rats was lower than that in the control group (*P*\<0.05). In contrast, treadmill exercise increased the latency in the CP rats (*P*\<0.05).

Cell proliferations in the hippocampal dentate gyrus
----------------------------------------------------

Photomicrograph of BrdU-positive cells in the hippocampal dentate gyrus is shown in [Fig. 3](#f3-jer-13-2-136){ref-type="fig"}. Cell proliferation in the hippocampal dentate gyrus was decreased in the CP rats (*P*\<0.05), in contrast, treadmill exercise enhanced cell proliferation in the CP rats (*P*\<0.05) ( [Fig. 4](#f4-jer-13-2-136){ref-type="fig"}).

Synapsin I, PSD-95, p-PI3K, p-Akt, GSK-3β expressions in the hippocampus
------------------------------------------------------------------------

Western blot analysis for the expressions of synapsin I, PSD-95, p-PI3K, p-Akt, GSK-3β in the hippocampus was performed ([Fig. 5](#f5-jer-13-2-136){ref-type="fig"}). Expressions of synapsin I, PSD-95, p-PI3K, and p-Akt in the hippocampus were decreased in the CP rats (*P*\<0.05), in contrast, treadmill exercise increased synapsin I, PSD-95, p-PI3K, and p-Akt expressions in the in the CP rats (*P*\<0.05). The expression ofGSK-3β in the hippocampus was increased in the CP rats (*P*\<0.05), in contrast, treadmill exercise suppressed GSK-3β expression in the CP rats (*P*\<0.05).

DISCUSSION
==========

CP is a group of movement and posture disorders that cause activity limitation ([@b1-jer-13-2-136]). There is no definitive treatment for CP, however, improved physical conditioning decreases secondary impairments ([@b5-jer-13-2-136]).

In our study, sensorimotor restriction did not aggravated motor and memory impairments in the LPS-induced CP rats. Early experience-dependent movements played a crucial role in shaping normal behavioral motor abilities ([@b20-jer-13-2-136]) and treadmill running improved deteriorated memory function ([@b13-jer-13-2-136]). In the present study, treadmill exercise increased motor and memory functions in the LPS-induced CP rats.

Neurogenesis in the hippocampus plays a critical role in memory process. It is well known that treadmill exercise increased neurogenesis in the hippocampus under the normal and various pathological conditions ([@b18-jer-13-2-136]; [@b22-jer-13-2-136]). In the present study, treadmill exercise increased hippocampal cell proliferation in the LPS-induced CP rats.

Physical exercise increased synaptic plasticity markers in the hippocampus, such as synapsin I and PSD-95 ([@b23-jer-13-2-136]). Synapsin I is a presynaptic phosphoprotein and regulates neurotransmitter release and axonal elongation ([@b11-jer-13-2-136]). And PSD-95 contributes maturation of excitatory synapses ([@b8-jer-13-2-136]). In the present study, treadmill exercise enhanced the expressions of synapsin I and PSD-95 in the LPS-induced CP rats.

The PI3k-Akt pathway is associated with a various functions, such as glucose metabolism, protein synthesis, and cell proliferation ([@b2-jer-13-2-136]). [@b3-jer-13-2-136] suggested that physical exercise activated the PI3k-Akt pathway in the hippocampus, that is implicated in the enhancing neuronal survival. In the present study, treadmill exercise enhanced the expressions of p-PI3K and p-Akt in the LPS-induced CP rats.

Physiological exercise activates PI3k-Akt pathway, and GSK-3 phosphorylation was inhibited ([@b17-jer-13-2-136]). GSK-3β negatively regulates proliferation of neural precursors and neurogenesis ([@b16-jer-13-2-136]). In the present study, treadmill exercise suppressed GSK-3β expression in the LPS-induced CP rats.

PI3K-Akt pathway in the brain is implicated in synaptic plasticity, cognitive function, and neurogenesis ([@b9-jer-13-2-136]). The present results suggest that treadmill exercise might improve motor and memory functions in the CP patients. These effects of treadmill exercise might be ascribed to the activation of PI3K-Akt pathway by treadmill running, thereby increasing neurogenesis through enhancing synaptic plasticity.
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![Effects of treadmill exercise on synapsin I, postsynaptic density-95 (PSD-95), phosphorylated-phosphoinositide 3 kinase (p-PI3K), phosphorylated-Akt (p-Akt), and glycogen synthase kinase-3β (GSK-3β) expressions in the hippocampus. (1) Representative expressions of synapsin I, PSD-95, p-PI3K, p-Akt, and GSK-3β in the hippocampus. (2--6) Relative expressions of synapsin I, PSD-95, PI3K, Akt, and GSK-3β ratio in the hippocampus. A, control group; B, cerebral palsy group; C, cerebral palsy and exercise group; D, cerebral palsy and sensorimotor restriction group; E, cerebral palsy, sensorimotor restriction, and exercise group. The data are presented as the mean±standard error of the mean. \**P*\<0.05 compared to the control group. ^\#^*P*\<0.05 compared to the cerebral palsy group. ^†^*P*\<0.05 compared to the cerebral palsy and sensorimotor restriction group.](jer-13-2-136f5){#f5-jer-13-2-136}
